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ABSTRACT 
 
     This paper presents an advanced algorithm for substructure testing and its applications in civil 
engineering as well as in aerospace engineering. The core of the method is the substructure 
algorithm for performing time integration to solve for the response of the numerical part and deal 
with the interaction between the numerical and experimental parts. By using the general 
formulation of implicit time integration, a relationship between the displacement of the 
simulation and the coupling force is formulated as a linear control equation within each time step. 
To solve this control equation, the algorithm uses digital feedback in sub-steps. The equilibrium 
error at the end of the step is compensated. The algorithm makes no assumption on stiffness or 
coupling force and proved to be highly accurate and unconditionally stable. 
     It has been used successfully in various applications in the last two decades, which are 
reviewed in this paper. Among them are stiff-ductile structures under seismic loading as well as 
payloads in carrier rockets like Arian IV of the European Space Agency. The algorithm allows 
the use of parallel computing for substructure tests with large numerical models in which certain 
calculations for a time step can be carried out on high performance computers while the 
experimental control via sub-steps is running in the experiment. This ongoing research is the next 
step in improving the versatility of hybrid simulation. 
 
1. INTRODUCTION 
 
    The simulation of vibrating systems, whether numerical or experimental, has become an 
important tool to assess the safety and performance of structures like bridges under wind or 
buildings under earthquakes or their effect on and interaction with subsystems like a vehicle (or 
vehicles) on a bridge or a satellite as payload in a carrier rocket. 
    Often, we have a good mechanical model of such structures and can simulate them and their 
interaction with substructures numerically. But also very often, we cannot define a reasonable 
model, at least for some parts of a structure. This is usually the case when non-linearity is 
encountered, for example: nonlinearity depending on time or nonlinearity in damping properties. 
It is also the case in structural control where complex electronically controlled devices have to be 
qualified for an application (Fig. 1) 
     If a good mechanical model of the structure is available (this is usually the case), a hybrid 
experimental – numerical simulation, with the device on a shaking table and the structure as an 
added numerical model can be performed. This will yield the required answers. It is this method, 
often also referred to as dynamic substructure testing, that this paper is concerned with. It 
concentrates on the algorithm developed by the first author, which has been used successfully in 
many substructure tests including aerospace applications and shaking tables (Roik 1989; Dorka 
1991, 2002, 2006, 2007; Bayer 2000a, 2000b, 2002, 2005). 
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Fig. 1. The Yokohama Landmark Tower (left, photo: Japan Iron & Steel Federation) uses a semi-
active Tuned Mass Damper (right, drawing: Mitsubishi Heavy Industries Ltd.) to reduce wind 
induced vibrations. 
 
2. SUBSTRUCTURE ALGORITHM WITH DIGITAL FEED BACK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Flow chart of substructure test with the algorithm in its core. The transformations to 
cylinder displacements are geometrically non-linear in general. gj  may be a signal to adjust a 
hydraulic valve, a step motor or an electro-dynamic shaker.  
For simplicity, only one controller is shown. 
     The flow chart to perform real-time substructure testing is presented in Fig. 2. The core of a 
substructure test is a stepwise time integration algorithm. Many have been proposed over time 
but Zienkiewicz (1977) already demonstrated their common root, which is therefore recovered 
here. It is a weighted residual approach with a finite element approximation of the dynamic 
equilibrium (Eq. 1) in time. 
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 (1) 
fr(t) are the restoring forces from non-linear numerical substructures and fc(t) are coupling forces 
from experimental substructures. M, C and K are the mass-, damping- and stiffness matrices of 
the numerical model and u(t), fl(t) are the displacement and loading vectors. 
     Applying appropriate shape functions over three time steps (Fig. 3) and a general weighting 
function W, the displacement is approximated at discrete points in time by Eq. (2). 
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Where iu  is the displacement vector at discrete time steps i, W is a weighting function, ξ=t/∆t, 
crl
f  f  f  *f ++= and Ni-1, Ni, Ni+1 are shape functions (Fig. 3 and Eq. 3). 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Shape functions to approximate displacements over time for the 2
nd
 order differential 
dynamic equilibrium equation (Zienkiewicz, 1977) 
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Fig. 4. Weighting functions selected for different integration methods that have been developed 
by other reasoning (Zienkiewicz, 1977) 
 
     Performing the integration with various weighting functions yields all major stepwise time 
integration algorithms that use three time steps: 
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γ and β are constants defining a particular algorithm (Eq. 5 and Fig. 4). 
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     Historically, these algorithms have been derived by other reasoning and the general 3-point 
scheme (Eq. 5) is also known as Newmark-ß method. Zienkiewicz’s formulation is the 
underlying fundamental approach and allows a systematic design of algorithms with different 
behavior. Their stability and accuracy can be studied by investigating the amplification factor ρ 
(Eq. 6) of the free response of a linear SDOF system. Considering that all linear systems can be 
separated into independent SDOF systems by mode decomposition, general statements can be 
made on period elongation and numerical damping caused by an algorithm. 
  
ii
uu ρ=
+1
 (6)  
 
     The oscillation is bounded and stable if |ρ|≤1. When |ρ|=1, there is no damping and the 
solution is exact; when |ρ|<1 numerical damping is present. Applying three point schemes on a 
SDOF system, the amplification factor is the root of Eq. (7).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Numerical damping for 3- and 4-step algorithms (Dorka, 2002, after Zienkiewicz) 
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     By evaluating |ρ| over ∆t/T (Fig. 5) and period distortion ∆T/T  (Fig. 6), the performance of a 
newly designed algorithm can be compared to existing ones. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Numerical softening (expressed as period elongation) for 3-step and 4-step algorithms 
(Dorka 2002, after Zienkiewicz) 
∆T/T  
∆t/T 
|ρ| 
      As can be seen in these figures, the well known Newmark-β scheme with parameters 
5.0=γ and 25.0=β  is the only unconditionally stable algorithm that has zero numerical 
damping and provides the smallest numerical softening. This is why it is the most popular 
scheme today. 
     The general formulation can easily be extended to more then 3 time steps. A 4-step procedure 
then yields 3 integration constants. In most cases, there is no reason to bear the extra numerical 
effort required by a 4-point scheme unless additional numerical damping is desired. This may be 
the case where higher order frequencies are present which may result from a numerical model 
with dynamic DOFs which cannot be reduced or condensed further. In such cases, higher order 
frequency “noise” may develop in many algorithms which can be avoided by utilizing the 
numerical damping properties of 4-point schemes (see Fig. 5). 
     It also should be noted that only implicit algorithms, whether they are 3- or 4-point schemes, 
are able to provide unconditional stability. Explicit schemes have a cut-off frequency dependent 
on the selected time step, which, if exceeded, will lead to unstable oscillations. Implicit schemes 
require the knowledge of 1+n
c
f  for an exact solution, which, in a test, is only available by 
measurement at the end of the time step. In purely numerical simulations with analytical non-
linear restoring forces
r
f , iterative procedures are used to minimize the error at the end of each 
time step. Such iterations cannot be used in substructure testing since they would produce high-
frequency oscillations. Various methods have been suggested to deal with this problem like the 
operator splitting method (Nakashima 1990), where the analytical part of the structure is solved 
by an implicit scheme and the tested substructure by an explicit one. Or 1+n
c
f  is estimated using 
the initial or some tangent stiffness of the substructure (Donea 1991). 
     Eq. (4) can be writen in the general form of Eq. (8), which is a linear control equation within 
each time step. It is an initial value problem (u0) with continuously changing feed back forces fr 
and fc. The gain G (Eq. 10) is constant throughout the test. The explicit displacement u0 can be 
calculated at the beginning and applied in various ways over the time step (Eq. 9). 
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     In this digital feed back algorithm (Dorka 1991), the non-linear numerical forces fr and 
currently measured coupling forces fc are fed back at sub steps, which are equally distributed over 
the time step (Fig. 7). At the end of the time step, the equilibrium is calculated (Eq. 11) and the 
equilibrium error fu identified. It is compensated at the beginning of the next time step (f*, Eq. 12). 
Dorka proposed the PID error force compensation as described in Eq. (13) (Dorka 1998). 
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 (b) – flow chart of substructure algorithm 
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Fig. 7. Substructure algorithm developed by Dorka with digital feed back and error force 
compensation 
 
     To allow for the compensation to adapt automatically to changing testing environments, 
Nguyen (Nguyen 2007) introduced a compensation based on online system identification. This 
requires recursive identification in the time domain and a data model capable of adjusting rapidly 
to changes in the data structure. Additionally, the compensation must be computationally 
efficient to be used in real-time substructure testing and should not be susceptible to noise. 
     The recursive Pseudo Linear Regression (Söderström 1989) has been selected because of its 
generally stable asymptotic behavior, rapid convergence and computational efficiency. Although 
stability cannot be guaranteed under all circumstances, it can be assessed before hand with 
standard methods. As data model, the ARMAX model (Söderström 1989) is used, because it is 
very accurate, can handle noise effectively and the computational cost is moderate. For 
simplicity, the formulation of the equilibrium error force compensation in a SDOF system is 
given in pseudo-regressive form in Eq. (14) - (16). 
 
 θϕ .
T 1)(i1 ++
=
i
e
f  (14) 
 
T
ni
u
i
u
i
u
niiini
e
i
e
i
e
i uuu fffxxxfff
⎭
⎬
⎫
⎩
⎨
⎧
−−−−−=
+−−+−−+−−+ 1111111
.........ϕ  (15) 
 
T
nnn
uuu
cccbbbaaa
⎭
⎬
⎫
⎩
⎨
⎧
= .........
212121
θ  (16) 
 
where 1+iϕ is the regression vector; ix  is the input variable of the data model (can be the 
computed displacement, velocity or acceleration); θ is the vector of adaptive parameters, 
u
n  is 
the order of the data model and the indexes (i) and (i+1) denote integration steps. 
     The input ix of the data model is chosen as the computed displacement because of two reasons. 
Firstly, the compensating force fe
(i+1)
 (as the output of the data model) depends strongly on the 
displacement. For certain applications with velocity- and acceleration dependent forces, the input 
can be a combination of displacement and its time derivatives (multi-variable model). Secondly, 
using the computed value of displacement can take advantage of separating noise and input 
signals. This works more effectively in terms of convergence and error minimization. 
     Using the same approach with the adaptive force compensation, Nguyen (Nguyen 2007, 2009) 
proposed an adaptive phase lag compensation to compensate the displacement error in the control 
of hydraulic shaking tables or cylinders for real-time substructure tests. 
 
3. APPLICATION MILESTONES 
 
     The algorithm discussed in chapter 2 has been used successfully in various applications 
starting in the nineties at Ruhr-Universität Bochum, Germany. It always has been applied 
continuously with time scale factors no more than 10, that is, the tests where run at no less than 
10-times slower than in reality. Important milestones are recovered here. 
 
3.1 Continuous Pseudo-Dynamic tests on stiff-ductile substructures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Test setup for the first continuous PsD test in Europe (left) on a stiff-ductile SDOF 
specimen with sliding friction connections (right) at Ruhr-Universität Bochum, Germany 
friction connections 
  
 
 
 
 
 
 
 
 
 
Fig. 9. Response of the specimen in Fig. 8 to the El Centro earthquake.  
Displacement (left) and stiff-ductile hysteresis (right) 
      
     In 1986 the algorithm was applied in the first continuous Pseudo-Dynamic (PsD) tests in 
Europe with a time scale factor 10 on stiff-ductile specimen (Fig. 8 and 9, Roik 1989). 
 
3.2 Real-time substructure tests for aerospace applications 
 
     Dorka at al. (Dorka 1998, Dorka 2002, Bayer 2005) have investigated stability and accuracy 
issues using the sub stepping technique in combination with the PID error compensation on the 
unconditionally stable implicit Newmark algorithm without numerical damping in a research 
project aimed at developing a real-time substructure algorithm for aerospace applications. It was 
a joint project by the University of Rostock and the German Aerospace (DLR) financially 
supported by the German Research Society (DFG). 
     A 4-DOF system has been tested in a reference tests under vertical excitation representing the 
3
rd
 stage separation during launch. The top 2 DOF represent the payload and the bottom 2 DOF 
the 3
rd
 stage, which was later substituted by a numerical model (Fig. 10). The real-time 
substructure tests that followed were performed with the top 2 DOF payload only. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Ariane IV during a night launch (left, photo: Arianespace) and typical model with 2-DOF 
payload and 2-DOF for the 3
rd
 stage (4-DOF reference test, right) at DLR Göttingen. 
      The eigenfrequencies of the 4 DOF model were 7, 13, 35 and 44 Hz and their damping ratios 
ranged from 2% to 4%. Since these tests were performed in the high frequency range, an electro-
dynamic actuator was used in acceleration control, which had no significant time delay (Dorka 
1998, Dorka 2002). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Coupling forces between substructure and main structure, 3
rd
 stage separation tests. 
Algorithm with ∆t=2ms, number of sub steps k=2 and P=0.9. Blue: reference test, yellow: 
simulation, magenta: substructure test. (Dorka 2002). 
 
     The results (Fig. 11) show the good fit of substructure experiment, reference test and purely 
numerical simulation. They demonstrated the applicability of this algorithm to high frequency 
applications but also highlighted the importance of using actuators with small time delay. 
 
3.3  Real-time substructure tests (RTSTs) with 2 TMDs on distributed shaking tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 12. Steel frame with 2 TMDs during reference tests (left) and TMDs on separate shaking 
tables in distributed real-time substructure tests (right) at CEA. 
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     In a common action between University of Kassel (UNIKA) and the Commissariat à l'Energie 
Atomique (CEA) in France, the first real-time substructure tests (RTSTs) using distributed 
hydraulic shaking tables were performed at the EMSI laboratory of CEA (Dorka 2006, Dorka 
2007). In these tests, a structure consisting of a two-storey steel frame with two TMDs on top has 
been tested on the AZALEE shaking table to produce the reference solution. Then, the two TMDs 
were placed on two separate shaking tables to perform real-time substructure tests (Fig. 12). 
 
 
Fig. 13. Eigenfrequencies and mode shapes of the steel frame without TMDs 
 
     These were the first real-time substructure tests on hydraulic shaking tables. Measuring the 
coupling force was a particular challenge since shaking tables are not equipped for this. Thus, 
appropriate load cells must be installed. Because the focus was on the algorithm, a somewhat 
unusual interface between TMDs and steel frame was designed (Fig. 14). Each load cell was 
connected through spherical bearings to provide a well-defined load path. The coupling force 
contained large pulses, which were generated by multiple impacts within the small gaps in the 
spherical bearings, (Fig. 16, Dorka 2007). Since coupling was softer on the steel frame than on 
the shaking table, these pulses were larger during the RTSTs 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Single load cells with spherical bearings to accurately measure coupling forces and 
provide the same interface on the steel frame (left) and the shaking tables (right). 
 
     The comparison of RTSTs and reference tests showed that displacements match well (Fig. 15), 
if test parameters are well selected, even in the presence of the pulses in the coupling force. Since 
these are high-frequency pulses, they hardly excite the structural modes in this case and thus have 
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negligible influence on the structural response. Also, they do not de-stabilize the current RTST 
algorithm demonstrating its robustness concerning such spurious vibrations that also may arise 
from other sources. 
 
 
 
 
 
 
 
 
 
Fig. 15. Comparison of 2
nd
-floor displacement between RTST and reference test. 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Pulses in the coupling force due to small gaps in the ball bearings of the load cells. 
 
3.4 Tests on non-linear TMDs during project SUBSHAKE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. Reference test of steel frame and non-linear TMD at IZIIS (left) and real-time 
substructure test with TMD on the hydraulic shaking table at UNIKA (right) using an identified 
numerical model of the steel frame with 33 dynamic DOFs. 
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     In a collaboration between UNIKA and the Institute of Earthquake Engineering and 
Engineering Seismology (IZIIS), Macedonia (DFG project SUBSHAKE, 2006 - 2010), a 3-story 
steel frame with a bi-directional non-linear TMD on top was tested for reference on the shaking 
table at IZIIS (Fig. 17 left). The substructure tests were performed using the identified numerical 
model of the steel frame and the TMD as substructure on the shaking table at UNIKA (Fig. 17. 
right, Khanlou 2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18. Cut view of controllable friction device UHYDE-fbr (left), excellent repeatability of 
nonlinearity through air pressure control (right, Bossi 2003). 
     To enable nonlinear actions between steel frame and TMD, the controllable friction device 
UHYDE-fbr (Dorka 1995, US Patent number 5456047, Fig.18 left) was used. It generates friction 
without stick-slip motion by a patented friction interface. The level of friction is controlled by air 
pressure. Electronic control of the air pressure enables the creation of different non-linearity with 
excellent repeatability. This was demonstrated in tests at the European Laboratory for Structural 
Assessment (ELSA) of the Joint Research Centre (JRC) of the European Union at Ispra, Italy 
(Fig. 18 right). It allows studying the performance of the algorithm and various error force 
compensations under the same non-linear actions repeatedly. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19. Displacements of the 3
rd
 floor in the steel frame in reference and substructure tests with 
earthquake loading (10% of 1979 Petrovec event) and constant pressure p=0.5 bar in UHYDE-fbr 
device: substructure test with typical time step 10ms, k=3 sub steps, no phase lag compensation, 
with adaptive force compensation nu=4, λ=0.99. 
 
      Since data processing is still ongoing, no final conclusions are drawn from these tests at this 
point. The results for an earthquake excitation given in Fig. 19 show some differences between 
reference and substructure test, which may be due to the numerical model. It does not capture the 
2
nd
 and 3
rd
 eigenfrequencies too well. There is also quite a bit of noise, which may come from the 
interface between TMD and steel frame. It was similar to the one in Fig. 14. 
 
3.5 Real-time substructure tests of non-linear TMD in the E-FAST project 
 
     E-FAST (Design study of a European Facility for Advanced Seismic Testing, EC Grant No. 
212109) is a design study for a new European testing facility performed in collaboration between 
five leading European institutions in earthquake engineering. Real-time substructure testing using 
shaking tables is an advanced experimental-numerical simulation method that can enhance testing 
capabilities of shaking tables. In the scope of E-FAST, the study at UNIKA focuses on the 
problem of using shaking tables for real-time hybrid simulations. The results will contribute to 
the design specifications of the new European testing facility. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20: Test setup at UNIKA for E-FAST. It consists of: a hydraulic cylinder (1), the SDOF 
main structure consisting of the shaking table (3) and leaf spring (2), the TMD (4) with UHYDE-
fbr device (5); locked leaf spring (right) during substructure testing. 
 
 
 
  
 
 
 
 
 
 
 
 
 
Fig.  21. 2-DOF system for reference tests (a) is decoupled in a numerical and  
experimental parts (b) and used as SDOF substructure for substructure tests (c). 
numerical part 
(a) full model with  2DOF (c) setup for substructure test(b) definition of substructures 
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      The bi-directional shaking table and specimen including the UHYDE-fbr and TMD from the 
DFG project SUBSHAKE were modified and used for the tests at UNIKA (Nguyen 2011a). The 
test setup is shown in Fig. 20 and its basic concept is given in Fig. 21. With the leaf spring locked 
(Fig. 20 right), a substructure test can be performed with the table and spring serving as SDOF 
numerical main structure. 
     To produce different non-linear effects between main and substructure that occur in many 
civil engineering tests, pressure variations were applied to the UHYDE-fbr device:  
− No pressure: linear substructure 
− Constant pressure: elastic-plastic coupling 
− Pressure increasing or decreasing with displacement: bi-linear plastic coupling 
− Sudden drop of pressure: simulated sudden partial failure (like ruptures) 
− Velocity dependent pressure: linear damper 
     Experience with the design of the interface between substructure and shaking table, and 
coupling force measurements in the two former projects (the Common Action between UNIKA 
and CEA (Dorka 2006) and the DFG project SUBSHAKE, 2006 - 2010) lead to the design of a 
new interface with multi-directional load cells (Fig. 22) and stiff coupling. The load cells were 
particularly designed for this purpose. They measure three directional forces and their compact 
structure provides high stiffness for a rigid connection. 
 
 
 
 
 
 
 
 
 
 
Fig. 22. Multi-directional load cells developed for substructure tests  
on UNIKA’s shaking table in E-FAST. 
 
     Two numerical models have been identified for the main structure (table and leaf spring). The 
first model takes account of all damping effects with an equivalent viscous damper C while the 
second model regards viscous damping as well as friction in the linear guide rails of the table. 
The friction force was simulated with a Bouc-Wen model using the formulation given in Dorka 
(2005). 
     Fig. 23 shows the change in error forces with different number of sub steps and no error 
compensation. There is no big difference between 3 or 4 sub steps. The error is small, stable and 
negligible compared to the magnitude of the coupling force. This confirms earlier findings that 4 
sub steps are usually sufficient for a meaningful substructure test using this algorithm. 
(a) – four load cells under the TMD (b) – view of new load cell 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 23. Development of error forces in substructure tests with variation of sub steps (Sub112: 
k=2, Sub113: k=3; Sub114: k=4), case of sudden pressure drop in UHYDE-fbr at t=20.08 sec. 
 
     The hydraulic system at UNIKA has low dynamic capacity, which is responsible for a large 
time delay (about 20 ms). Thus, the phase lag compensation mentioned in chapter 2 (Nguyen 
2011b) was used to improve the accuracy of the substructure tests considerably (Fig. 24).  
     Large shaking tables, like the ones envisioned for E-FAST, have large phase lag. These results 
may indicate though, that this algorithm in combination with this adaptive phase lag 
compensation may enable such tables to perform accurate substructure tests in real time for 
typical civil engineering applications. 
 
 
 
 
 
 
 
Fig. 24. Comparison of control hysteresis in substructure tests without phase lag compensation 
(Sub005, left) and with phase lag compensation (Sub007, nu=4, λ=0.99, right). 
 
     These results also show, that without the influence of phase lag, error force compensation is 
often not necessary, if more than 3 sub-steps are employed. Fig. 25-i shows that compensation P 
= 0.95 does not really improve the error in the frequency domain anymore. The adaptive 
compensation does reduce the error slightly in the vicinity of the eigenfrequencies of the system 
(at 1.9 Hz and 3.1 Hz) and thus is more useful. All this against the background of a very small 
error force, which in this case is also due to the elastic-plastic coupling by the UHYDE-fbr, since 
it produces a constant friction force most of the time. Previous campaigns (especially the 
aerospace project mentioned above) have shown already, that the error force compensation is 
more important in linear systems with very low damping. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25. Comparison between substructure tests with k = 3 sub steps for different error force 
compensations: without compensation (Sub113), with P=0.95 (Sub116) and with adaptive 
compensation (Sub106, nu=5, λ=0.99) to their reference test (Ref013) including a drop in 
pressure from 0.3 bar to 0.22 bar in the UHYDE-fbr device at t = 20.08 sec. 
 
3.6 Large Numerical Models in Continuous Hybrid Simulation 
 
     Seismic Engineering Research Infrastructures for European Synergies (SERIES) is a 
collaborative project under the support by the European Commission through FP7. In this context, 
UNIKA explores the possibility to use large numerical models in real-time substructure tests 
(Obón 2011). Only when this can be achieved, substructure testing will reach its full potential 
(a) 
(b) (c)
(d) (e)
(f) (g)
(h) (i)
(Fig. 26), i.e. in the qualification of TMDs or structural control devices like UHYDE-fbr for 
specific applications. 
     The algorithm discussed in this paper lends itself easily to parallel computing. Hence the size 
of the numerical model can be increased without the need to use large time scale factors in the 
test. The parallel adaptation of the algorithm is discussed in more detail in (Obón 2011). It makes 
use of different Application Programming Interfaces (APIs) such as Message Passing Interface 
(MIP) and numerical software libraries like ScaLAPACK to achieve high performance parallel 
computing. Recent benchmarks have shown that time steps of 1 ms could be selected using a 
model with 504 dynamic DOFs on a common desktop computer. 
     Such large models have very high eigenfrequencies that can produce an unwanted response 
during a test since these frequencies react to noise that may be present in the coupling force (Fig. 
16). They may also be unduly excited by the remaining phase lag. It is such issues that are 
currently under investigation at UNIKA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26. Large numerical models to be used in substructure testing at UNIKA within SERIES. 
Models provided by Middle East Technical University METU and BLA Associates, Atlanta, GA. 
(left) and Technical University of Istanbul (right). 
 
CONCLUSIONS 
     For more than 3 decades, the substructure algorithm developed by the first author has been 
used successfully in a number of front-line applications. Among them were stiff-ductile wall 
systems, the payload in an Ariane IV launcher and multiple TMDs on distributed hydraulic 
shaking tables. All these tests were continuous (not stop-and-go which was the standard in most 
laboratories until recently) with the first tests performed with an extended time scale factor of 10, 
and subsequent tests in real-time (aero-space and shaking table tests). 
     The algorithm can accommodate all time integration schemes but Newmark-β is 
recommended, because of zero numerical damping and lowest period elongation. Unconditional 
stability is achieved by introducing equally spaced sub-steps during the time step, where the 
measured coupling forces between numerical structure and specimen update the control 
displacement. 
     The dynamic properties of these coupling forces have a big influence on accuracy and stability 
of such tests. Equilibrium errors may occur at the end of the time step, which can destabilize the 
test. They can be compensated by a simple proportional gain or an adaptive compensator, but 
more important is the phase lag in hydraulic systems, in particular in typical shaking tables used 
for tests on civil engineering structures. It can be compensated well by the same kind of adaptive 
compensator used to compensate the equilibrium error. This is even the case under strong non-
linear actions like sudden failures, as recent tests have shown. 
     This is particularly important for large hydraulic shaking tables, which all have large phase lag. 
In light of these results, the new large tables envisioned for E-FAST may well be capable of real-
time substructure testing. 
     This may only be true though, if the substructure algorithm discussed here is employed. 
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